The present study was designed to test the hypothesis that physiological concentrations of glucagon may increase plasma ketone body concentration when sufficient free fatty acid substrate is available to support hepatic ketogenesis. Physiological elevations of plasma glucagon concentration were produced by a constant infusion of hormone, and increased plasma-free fatty acid availability was produced by simultaneous heparin injection to induce intravascular lipolysis. In the five insulin-dependent subjects studied, when plasma glucagon concentration remained at the normal basal level of 72+/-14 pg/ml during control saline infusion, the heparin-induced increase in free fatty acid availability resulted in approximately a 20% increase in plasma ketone body concentration. In contrast, when plasma glucagon concentration was elevated by hormone infusion to the physiological level of 215+/-35 pg/ml, the heparin-induced increases in free fatty acid availability resulted in approximately an 80% increase in plasma ketone body concentration. These results suggest that physiological elevations in plasma glucagon concentration may augment ketonemia in diabetic man when simultaneous elevations in plasma-free fatty acid arepresent.
A B S T R A C T The present study was designed to test the hypothesis that physiological concentrations of glucagon may increase plasma ketone body concentration when sufficient free fatty acid substrate is available to support hepatic ketogenesis. Physiological elevations of plasma glucagon concentration were produced by a constant infusion of hormone, and increased plasma-free fatty acid availability was produced by simultaneous heparin injection to induce intravascular lipolysis. In the five insulin-dependent diabetic subjects studied, when plasma glucagon concentration remained at the normal basal level of 72±+14 pg/ml during control saline infusion, the heparin-induced increase in free fatty acid availability resulted in approximately a 20% increase in plasma ketone body concentration. In contrast, when plasma glucagon concentration was elevated by hormone infusion to the physiological level of 215±35 pg/ml, the heparin-induced increases in free fatty acid availability resulted in approximately an 80% increase in plasma ketone body concentration. These results suggest that physiological elevations in plasma glucagon concentration may augment ketonemia in diabetic man when simultaneous elevations in plasma-free fatty acid are present.
INTRODUCTION
Diabetic ketoacidosis is a clinical condition characterized by an elevation in the plasma concentrations of ketone bodies, free fatty acids (FFA), and glucagon (1) . As recently reviewed by J. D. McGarry and D. W. Foster (2) , in order to attain the excessive concentrations of ketone bodies observed in this clinical state, two physiological conditions must be met: first, adequate free fatty acid substrate must be available to support hepatic ketogenesis, and second, hepatic conversion of free fatty acids to ketone bodies via the 8- significantly increased. In the present study, we have explored the possibility that the elevated plasma glucagon levels in this clinical state may account for the latter event.
Recent investigations of the pharmacological effects of glucagon in man demonstrate both increased lipolysis and enhanced hepatic ketone body production (3, 4) , but the plasma levels of hormone attained in these studies exceeded expected endogenously secreted hormone levels (5) . The present investigation extends these pharmacological studies to explore the action of physiological elevations in plasma glucagon concentration upon plasma ketone body concentration independent of a lipolytic action. Physiological elevations in plasma glucagon concentration were produced by hormone infusion in both the basal state and during increased FFA availability induced by heparin-activated lipolysis. To exclude a role for changing insulin concentration in these studies, all subjects were insulin-dependent diabetics.
METHODS
The effect of glucagon infusion and heparin-activated lipolysis upon the plasma concentration of ketone bodies was examined in five healthy insulin-dependent diabetic subjects. This population consisted of two males and three females ranging in age from 22 to 28 yr, within 10%o of their ideal body weight according to the Metropolitan Life Insurance Tables (6) . Each subject was following a prescribed American Diabetes Association diet and was controlled with one daily 8:00 a.m. injection of U-100 NPH insulin (dosage ranged from 35 to 42 units). Subjects were studied between 7:00 and 8:00 a.m. after a 12 h overnight fast and 24 h after their previous therapeutic insulin injection. Four of the five diabetics were in good control, and the fifth (S. G.) was a "brittle" diabetic with ketonuria immediately before her daily insulin injection.
All subjects assumed the supine position for 30 min before testing and maintained this position throughout the duration of the test. Each antecubital vein was catheterized with a no. 19 scalp vein needle and patency was maintained by constant infusion of normal saline (1 ml/min) with a Harvard infusion pump (Harvard Apparatus Co., Inc., Millis, Mass.).
Blood samples were withdrawn from one arm while infusion of saline or of glucagon in saline was administered into the contralateral arm.
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Two studies were performed on each diabetic subject 1 w apart. The "control study" consisted of a 50 min saline ir fusion (1 ml/min) with intravenous sodium heparin inje( tion (5,000 U) after a 30 min basal period to acutely raiE the plasma FFA concentration (7) . The "glucagon infusic study" consisted of a glucagon infusion (3.0 ng/kg p( min) in place of the saline infusion. 10 ml of each sut ject's plasma was added to the 500 ml of saline diluent t prevent non-specific adherence of glucagon to the plasti container and tubing. To 500 ml of this "proteinized" saline sufficient glucagon (Eli Lilly and Co., Indianapolis, Ind. was added such that infusion of 1.0 ml/min would delive 3.0 ng/kg per min to the subject. Blood samples were ob tained at 10 min intervals over the initial 30 min base-lin period, and after bolus heparin injection at +2, +5, +1( +15, and +20 min.
All blood samples were assayed for P-hydroxybutyrat4 acetoacetate, free fatty acids, and glucose, as previously de scribed (4) . Circulating free insulin concentration was as *or. sayed as previously reported in insulin-requiring diabetics after endogenous antibody precipitation with polyethylene glycol (8) . Glucagon concentration was assayed in plasma as previously described (4) with 30K antibody obtained from Dr. Roger Unger, Dallas VA Hospital, Dallas, Tex. 72535. Since each subject was used as his own paired control, Student's t Test for paired samples was employed to evaluate the significance of the difference between sample means (9) . Variance of the mean is expressed as the standard error of the mean (SEM).
RESULTS
Plasma ketone concentration ( Fig. 1) Control Study- Table I . Total plasma ketone bodies are expressed as the sum of the concentrations of acetoacetate and 8-hydroxybutyrate. In the control saline infusion, no significant (P > 0.05) change in plasma ketone body concentration occurred during the basal 30 min of observation. Within 2 min after heparin-activated FFA generation, a 20% increase in plasma ketone body concentration was observed which became maximal by 20 min postinjection (P < 0.05). As shown by the mean values of acetoacetate and P-hydroxybutyrate in Table I , the changes in the concentration of these two substrates closely paralleled each other.
Glucagon infusion (Table I , Fig. 1 ). In contrast to the control saline infusion, infusion of glucagon during the basal period resulted in a small but nonsignificant increase in plasma ketone body concentration from a mean of 727 pumol/liter to 883 Amol/liter (P > 0.05).
After heparin activated FFA generation, an 80% increase in concentration of ketone bodies was observed, resulting in a mean rise of 706 imol/liter (P < 0.05). This glucagon-augmented ketonemia significantly exceeded the rise after heparin in the control saline study at every time of observation (P < 0.05, Fig. 1 ), which resulted in a mean rise of 185 Fmol/liter. Thus, when heparin-activated lipolysis provided increased FFA availability to support hepatic ketogenesis, the infusion of glucagon compared to the infusion of saline resulted in an augmented rise in plasma ketone body concentration.
Plasma free fatty acids (Table II , Fig. 1 ). Plasma FFA concentration was indistinguishable at all observation times when the saline infusion study was compared to the glucagon infusion study (P > 0.05, Fig. 1 ).
In spite of the lipolytic effects of glucagon at pharmacological concentrations, no increase in plasma FFA was observed at the physiological levels of plasma glucagon attained in our study (Table II) . After bolus heparin injection, an immediate increase in plasma FFA was observed in both studies, obtained a maximal concentration of 1,796±279 Amol/liter by + 10 min postinjection in the saline control study and a comparable level of 1,536±203 Amol/liter in the glucagon infusion study (P > 0.05). Thus, based on both the absolute concentration of plasma free fatty acids (Table II) and the rise in plasma FFA concentration above basal concentration ( Fig. 1) , FFA availability for ketogenesis was not different in the two studies. Plasma glucagon concentration (Table II) . In the saline control study, mean basal plasma glucagon concentration was 74±24 pg/ml and no significant change in concentration was observed at any time of observation during the basal period or after heparin injection (Table  II) . After the initiation of hormone infusion, plasma glucagon concentration promptly rose from a base line of 63±20 pg/ml, attaining a plasma level of approximately 215 pg/ml (Table II) . Thus, glucagon infusion produced peripheral plasma glucagon concentrations which were several times greater than the basal value, but still below the pathophysiological elevations reported in ketoacidosis (5) . (Table II) . Plasma insulin concentration, assayed after polyethylene glycol antibody precipitation, was within the reported range for 12-h fasting diabetic subjects assayed by this method (8) . During both control and glucagon infusion studies, no significant change in insulin concentration was observed (P > 0.05). Plasma glucose concentration (Table II) . Mean basal plasma glucose concentration exceeded 200 mg/dl in both the control and glucagon infusion experiments reflecting the fact that 24 h had elapsed since the previous therapeutic insulin injection. In the control saline study, no change in glucose concentration occurred, although after heparin injection, a nonsignificant decline in plasma glucose concentration was observed (P > 0.05). In the glucagon infusion study, a progressive rise in glucose concentration to a mean of 227 mg/100 ml was observed, which attained statistical significance after 30 min of infusion (P < 0.05). This elevation in plasma glucose concentration was sustained throughout the postheparin injection period (Table II) .
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DISCUSSION
This study was designed to examine the effect of physiological elevations of glucagon upon the plasma concentrations of ketone bodies in diabetic man. Our results demonstrate that at physiological levels, in the range of 215 pg/ml, glucagon can induce an increase in plasma ketone body concentration when sufficient free fatty acid substrate is available to support hepatic ketogenesis.
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D. S. Schade and R. P. Eaton (-30 min) in the glucagon infusion study is statistically greater than the change in concentration from base line in the control study (P < 0.05).
Thus, this action of physiological elevations in glucagon concentration to enhance FFA conversion to ketones provides a hormonal mechanism contributing to the development of ketosis in diabetic ketoacidosis, a state characterized by elevated plasma glucagon concentration in the range of 230-2,000 pg/ml (5) and increased FFA availability (1) . The ketogenic effect of glucagon infusion in diabetic man has previously only been demonstrated at pharmacological dosages with resulting plasma levels of glucagon in excess of 1,000 pg/ml (3, 4) . However, at pharmacological concentrations of glucagon, lipolysis is also stimulated by this hormone. Since elevations of plasma FFA concentrations alone result in increased hepatic ketogenesis (10), interpretations of a direct ketogenic effect of glucagon apart from its lipolytic effect have been difficult. At the low dosage of glucagon utilized in our study, glucagon infusion did not increase plasma FFA concentration. Thus, the ketogenic effect of glucagon cannot be attributed to any lipolytic effect of this hormone.
The mechanism by which glucagon induces an increase in plasma ketone bodies is not resolved by this study. Glucagon may augment plasma ketone bodies by increasing production and/or inhibiting utilization. However, no published data are available describing the peripheral effect of glucagon on ketone body utilization in human diabetes. In mammals, the liver is virtually the sole source of net ketone body production (11) . In 1969, M. Heimberg et al. utilizing in vitro liver perfusion experiments demonstrated that glucagon progressively augmented hepatic ketone body production with progressive increases in perfusate FFA concentration (10) . More recently, J. D. McGarry et al. (12) demonstrated that glucagon administered in vivo to the rat converted a "nonketotic" liver to a "ketotic" liver when perfused with adequate concentrations of free fatty acid substrate. In man, the net effects of glucagon on hepatic ketone production are less well defined. In vivo studies utilizing hepatic catheterization in diabetic man demonstrated that a glucagon infusion producing plasma hormone levels of approximately 4,000 pg/ml resulted in both increased lipolysis and increased hepatic ketone production (3). In these studies, the authors were unable to determine whether the augmented hepatic ketone produc-Glucagon Regulation of Plasma Ketone Bodies 1343 tion was a direct effect of glucagon or an indirect effect resulting from the lipolytic activity of the hormone.
Further evidence for a physiological role for glucagon in ketone regulation has been provided by observations of the effect of acute suppression of endogenous glucagon secretion in diabetic man. As recently reported (13) , the reduction in plasma glucagon resulting from somatostatin infusion is associated with a parallel reduction in the rise in plasma ketone concentration during insulin withdrawal. In addition, other studies have demonstrated that the severity of ketoacidosis is closely correlated with the concentration of plasma glucagon (1, 14) . Thus, our data complement and extend previous investigations suggesting a role for glucagon in physiological regulation of human diabetic ketonemia.
